The Saccharomyces cerevisiae ribosomal protein rp5l is encoded by two interchangeable genes, RPSIA and RPSIB. We altered the RPS1 gene dose by creating deletions of the RPS1A or RPSJB genes or both. Deletions of both genes led to spore inviability, indicating that rp5l is an essential ribosomal protein. From single deletion studies in haploid cells, we concluded that there was no intergenic dosage compensation at the level of mRNA abundaince or mRNA utilization (translational efficiency), although phenotypic analysis had previously indicated a small compensation effect on growth rate. Similarly, deletions in diploid strains indicated that no strong mechanisms exist for intragenic dosage compensation; in all cases, a decreased dose of RPS1 genes was characterized by a slow growth phenotype. A decreased dose of RPSI genes also led to insufficient amounts of 40S ribosomal subunits, as evidenced by a dramatic accumulation of excess 60S ribosomal subunits. We conclude that inhibition of 40S synthesis had little or no effect on the synthesis of the 60S subunit components. Addition of extra copies of rpSl genes led to extra rp5l protein synthesis. The additional rp5l protein was rapidly degraded. We propose that rp5l and perhaps mnany ribosomal proteins are normally oversynthesized, but the unassembled excess is degraded, and that the apparent compensation seen in haploids, i.e., the fact that the growth rate of mutant strains is less depressed than the actual reduction in mRNA, is a consequence of this excess which is spared from proteolysis under this circumstance.
The Saccharomyces cerevisiae ribosome is composed of four rRNA species and approximately 70 ribosomal proteins present in stoichiometric amounts. The accumulation of the rRNA and protein components is coordinately regulated in response to the nutritional requirements of the cell. As a result, little or no free ribosomal proteins are present in vivo (for a review, see reference 21) . In an effort to understand the mechanisms that govern this regulation, the genes for many of the yeast ribosomal proteins have been cloned (2, 6, 23) . From these initial studies, the following facts emerged: there is almost no clustering in the organization of the ribosomal protein genes (24) , and many but not all of them are represented by more than one copy (6) . Since the mRNAs for various ribosomal proteins have been determined to be present in roughly equimolar amounts and have very similar half lives (14) , it follows that there should be quantitative differences in the transcription of single copy and multiple copy genes if the latter are all active.
Ribosomal protein 51 (rpSl) is encoded by two genes, RPSJA and RP5JB; both genes are active, and their relative contributions to the rp5l mRNA pool have been determined to be approximately 60 and 40%, respectively (1) . The presence of a duplicated pair of genes, such as RP5, allows one to alter the gene dose in haploids by deleting one or the other gene. As mutants with single deletions are viable (1) , there exists the opportunity to examine regulatory mechanisms affecting this particular gene pair and to assess the effects of altering a single component of a complex organelle, the ribosome.
MATERIALS AND METHODS
Construction of pUCB A Hinc URA. pHAEURA (1) Yeast media and transformation. Haploid strains were grown at 30°C in YM-1 medium (10) except for PB12(pYE51B), which was grown in SD medium lacking uracil (19) . Diploid strains were grown at 30°C in SD medium lacking leucine or uracil or both when appropriate since heterozygous rp51 mutants converted to wild type at a high frequency in nonselective media. Transformations were performed as previously .described (13) with purified linear fragments from pUC9 A B Hinc URA and pGOBLEU (1) to generate mutations in RPSB and RP51A, respectively, as described by Rothstein (18) . Yeast crosses and tetrad analysis were performed by standard genetic techniques (19) .
Sucrose gradient fractionation of ribosomal components. Ribosomal components were analyzed on sucrose gradients as described in the accompanying paper (9) ml of cells was grown to an A6w of 0.5, and the gradients were centrifuged for 3 h at 27,000 rpm in an SW27 rotor.
RNA extraction and gel electrophoresis. Sodium dodecyl sulfate and EDTA were added to the sucrose gradient fractions to final concentrations of 0.5% and 50 mM, respectively, and the RNA was precipitated at -20°C with 3 volumes of 95% ethanol. RNA was extracted from the pellets as previously described by Rosbash et al. (17) , and the RNA was analyzed by gel electrophoresis as described by Colot and Rosbash (4) . rRNA was visualized by ethidium bromide staining. Northern probe HS2mp9 contains the SaIl-HindIII RPSJA fragment from pYI51A (1) and was 32P-labeled by primer extension as described previously (12 and dried. Labeled proteins were visualized by autoradiography.
RESULTS
rpSl is absolutely required for viability. Yeast rpSl, a ribosomal protein of the 40S subunit, is encoded by two genes, RPSJA and RPSlB. In previous work, Abovich and Rosbash (1) constructed haploid strains carrying mutations in either one or both genes and showed that both genes contribute to the rp5l protein pool. A surprising finding was that haploid strains carrying mutations in both genes were viable. Based upon the structure of the mutant genes and their effect on the growth rates of strains that carry them, Abovich and Rosbash (1) proposed that the mutant rpSlB protein that is missing the 35 C-terminal amino acids but retains the 101 N-terminal amino acids is able to substitute, albeit poorly, for the absence of wild-type rpSl and is thus responsible for the viability of these strains. Although less likely, the existence of a third RP51 gene or the lack of an absolute requirement for this ribosomal protein, for which there is a precedent in bacteria (5), was not ruled out. To settle this point, we generated a large internal deletion in the coding region of RP51B, as described in Materials and Methods. Figure 1D shows the structure of rpSAb::ura3+; in brief, the internal HincII fragment encoding 78 amino acids was removed and replaced with the URA3 gene.
A diploid, PB18, homozygous for rpSJAa::LEU2 (Fig. 1B) and heterozygous for RP5JBlrpSlAb:: URA3 was constructed as described in Materials and Methods, and the structure of the mutant genes was confirmed by Southern blot analysis (data not shown Fig. 2A and C. Figure 3A place at the level of mRNA utilization; i.e., a more efficient translation of mRNA in mutant cells than in the wild type might be manifested by changes in the sedimentation of this mRNA across a sucrose gradient, reflecting its association with polysomes. To test this possibility, we compared the distribution of rp5lB mRNA in DBY745, a wild-type strain, and PB12, a strain deleted of RP5JA, by fractionating ribosomal components in sucrose gradients and visualized the rp5l mRNA by primer extension. Figure 4 shows the distribution of the mRNAs for RP5A and RP5JB in strain DBY745 (Fig. 4A ) and the distribution of RPS1B mRNA in the strain that carries a deletion of RPSJA (Fig. 4B) . There was no shift in the distribution of rp5lB mRNA to bigger polysomes nor was there any detectable recruitment of unassociated mRNA in the mutant strain as compared with that in the wild type. The same experiment was carried out for PB19, the strain deleted of RPSJB; the distribution of rp5lA mRNA remained the same as that of the wild type (data not shown). From these and other similar experiments carried out with these strains grown in ethanol as a carbon source (data not shown), we conclude that A 1 2 3 4 5 6 7 8 dosage compensation of rp5l did not take place at the translational level.
While the results of these experiments argue against intergenic dosage compensation, it is possible that mechanisms exist for intragenic dosage compensation. These would be evidenced by examining diploid strains carrying different doses of the wild-type genes. A first indication that this is not the case is summarized in Table 1 . The doubling times of these diploids were proportional to the number and quality of RP5J genes that they possessed. RNA measurements were consistent with this observation, as there was a proportional decrease in the mRNA abundance as a function of the number of deleted genes (data not shown). A diploid strain containing one RP5IA and one RP5IB gene showed an accumulation of 60S subunits, which further increased in a diploid strain containing only one RP5IB gene (data not shown).
Posttranslational regulation of rp5l. Extra copies of the RPSA or RPSJB gene were introduced into wild-type cells (DBY745) on 2,um plasmids (pYE51A or pYE51B, respectively) to determine their effect on RP5I gene expression. The copy number of each of these plasmids in DBY745 was approximately 5 to 10, as determined by quantitative Southern blot analysis (data not shown). RPS1 RNA levels, measured by Northern blot analysis ( Fig. 5; data not shown) , reflected the gene copy number reasonably well. There was less RP51 RNA in strain DBY745(pYE51B) than in DBY745(pYES1A), consistent with the observation that RPSIB contributes less RNA to the total RPSJ RNA pool than does RPSIA (1) .
To examine rpSl synthesis in the presence of extra copies of RPSJA or RP5JB, cells were incubated for a short time with [35S]methionine. Labeled proteins were visualized by two-dimensional gel electrophoresis and autoradiography (Fig. 6) . After a 45-s labeling period, cells containing pYE51A or pYE51B had substantially more labeled rp5l than wild-type cells. Different exposures of these and other similar gels showed this oversynthesis to be approximately five-to tenfold. With increased labeling periods, the differences decreased, so that after a 5-min labeling period there was relatively little difference in the amount of labeled rp5l between strains containing one or ten copies of RPSIA or RPSJB. Thus, the additional RNA transcribed from extra copies of RPSJA or RP51B was translated into rp5l, followed by rapid degradation of excess protein.
DISCUSSION
The data presented in this study show that rpSl is an indispensable ribosomal protein. This result confirms the previous suggestion of Abovich and Rosbash (1) that an altered rpSl protein, missing the C-terminal 35 amino acids, is biologically active. The fact that the 35 C-terminal amino acids appear not to be required for activity is interesting from the point of view of ribosome assembly. The extremely slow growth of cells carrying this truncated gene as the sole source of rpSl either could be due to inefficient assembly of the mutant protein or more likely, is a reflection of the low abundance of the unnatural fusion mRNA, which is very unstable (data not shown). Experiments are in progress to distinguish between these alternatives.
We have undertaken an exhaustive dose modification of the RPSJ genes in the hope of unveiling regulatory mechanisms affecting the expression of this gene pair. As reported for other ribosomal protein genes (11, 22) , alterations of the RPS1 gene dosage by the introduction of extrachromosomal copies lead to the accumulation of RPSI mRNA roughly in proportion to the gene copy number ( Fig. 6; data not shown) . On the other hand, deletions of either RPSIA or RP51B It has been reported that the cell modulates the translation of excess mRNA when confronted with extra copies of the genes for ribosomal proteins L3 (15), L29 (22) , and rp59 (11) . Our attempts to demonstrate a similar regulation for rpSl have failed. Were RPSJ gene expression to be regulated at the translational level, we would expect that when the dosage is decreased as in our deletion strains, the remaining mRNA would be translated more efficiently. On the contrary, the polysomal distribution of rp5lB mRNA (Fig. 4) shows no evidence of enhanced translation in a strain deleted of RPSIA. We conclude that rpSl synthesis is not regulated up at the level of translation under these circumstances. The lack of substantial intergenic dosage compensation between RPSIA and RPSIB could be a reflection of the differences in DNA sequences outside of the coding regions of this gene pair. However, this explanation does not apply to intragenic dosage compensation mechanisms which should be evidenced in diploid strains with various doses of RP51A and RPSJB; indeed, this approach is available for all ribosomal protein genes not only duplicated pairs. From the effects of decreasing doses of RPSI genes on the growth rates of diploids (Table 1 ) and the effects on polysomal profiles, we conclude that, as with intergenic compensation, no substantial intragenic mechanisms exist to compensate for the loss of RPSI genes. This may indicate that in wild-type cells rp5l mRNA is translated at maximal or near-maximal efficiency, in contrast with the proposed suggestion that ribosomal protein mRNAs may be substantially underutilized (14) .
This interpretation is consistent with the observation that decreasing the RPSJ gene dose in either haploids or diploids leads to an accumulation of 60S subunits ( Fig. 2 and 3 ). We interpret this accumulation to be the result of an insufficient quantity of rpSl for assembling appropriate amounts of 40S subunits. Figure 2D shows (Fig. 6) . The results obtained after labeling for 3 min varied from marginal oversynthesis to no detectable difference (data not shown). This result is consistent with very rapid protein turnover being the mechanism by which the cell deals with excess rpSl. An (22) ; however, their half lives are considerably longer than that of rp5l, since substantial excess protein is detected in 5-min pulses.
Taken together with the information in the accompanying paper (9) , the data suggest that proteolysis of excess rp5l is coupled to ribosome assembly, i.e., rp51 not assembled into nascent ribosomes is rapidly degraded. In light of this hypothesis, the small degree of dosage compensation previously observed and commented upon (i.e., the fact that the effect on growth rate is less marked than the effect on rpSl mRNA) suggests that, in wild-type cells, rpSl synthesis is in modest excess over what is required for ribosome synthesis.
The excess, which is not assembled into ribosomes, is rapidly degraded. This hypothesis suggests that the ribosome stoichiometry problem might be explained for many eucaryotic ribosomal proteins by assembly-linked proteolysis. The magnitude and extent of this effect remain to be determined.
